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Study  Region:  The  Heihe  River  Basin  (HRB)  is  the  second  largest  inland  river
basin  of  China  located  in  northwest  China  with  a  minor  portion  in  Mongolia.
Study  Focus:  With  increasing  water  demands  from  domestic,  agricultural,
and  industrial  sectors,  the  HRB  has  been  increasingly  undergoing  water
resources  shortage  and  eco-environmental  degradation,  especially  in  the
lower  HRB.  Discerning  the  trends  and  any  abrupt  changes  in  the  streamﬂow
over  the  river  basin  could  help  unravel  the  causes  and  effects  of  historical
variations  of  the  water  resources.  Statistical  methods  for  detecting  trends,
abrupt  and  gradual  changes  were  applied  to  the  long-term  streamﬂow,  pre-
cipitation  and  temperature  data  over  the  HRB  to  analyze  and  understand
annual  and  seasonal  hydroclimatic  variations  over  the  past  ﬁve  decades.
New  Hydrological  Insights  for  the  Region:  The  ﬁndings  of  this  study  indi-
cated  that  although  the  streamﬂow  coming  from  the  upper  reaches  have
risen,  those  ﬂowing  to  the  lower  reaches  have  declined  signiﬁcantly.  Analysis
of  the  correlation  between  climatic  factors  and  streamﬂow  variations  and  the
assessment  of  the  development  of  socioeconomics  revealed  that:  (1)  rising
temperature  and  precipitation  are  the  main  cause  to  explain  the  increases  in
streamﬂow  in  the  upper  HRB;  and  (2)  human  activities  in  the  middle  reaches
of  the  HRB  rather  than  climate  changes  were  primarily  responsible  for  the
water  shortage  and  ecological  deterioration  of  the  lower  HRB.
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1. Introduction
Inland river basins in China take up approximately one third of the national territory. They are
mainly distributed in the northwest with an arid or semi-arid climate and fragile ecosystem (Wang
and Cheng, 2000; Cheng et al., 2006). For tens of thousands of years, these inland rivers provide people
with water, food, shelter and spiritual connection. However, in recent decades, water problems have
become a principal challenge that threatens socioeconomic development and ecological health due
to over exploitation and unreasonable use of water resources (Wang and Cheng, 2000; Cheng et al.,
2006; Xu et al., 2010; Zhang et al., 2012a,b; Chen et al., 2013).
As the second largest inland river basin of China, the Heihe River Basin (HRB) (as shown in Fig. 1)
is under constant water and ecological stresses with terminal lakes drying-up, water table decline,
grassland degeneration, and widespread desertiﬁcation, due to the impact of climate change and
human activities (Zhu et al., 2005; Hu et al., 2007; Zhang et al., 2011; Wang et al., 2013; Min  et al.,
2013). Speciﬁc measures have been undertaken over years to protect and restore the deteriorated
ecosystems in the HRB. For example, ecological protection projects such as returning grazing land
to grassland and conserving public forests have been carried out over the HRB since the late 1990s;
Stringent water conservation measures have been implemented in the Zhangye area as a pilot project
since 2002 (Kang et al., 2007). In particular, an Ecological Water Diversion Project (EWDP) was initiated
by the Chinese government since 2000 to ensure the delivery of a minimum amount of water supply
to lower reaches for ecological water needs. The EWDP project has enjoyed some success with the
return of water to the terminal lakes and recovery of the riparian vegetation (Zhao et al., 2007; Wang
et al., 2011a,b; Zhang et al., 2011).
Fig. 1. Location of the Heihe River Basin.
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In support of eco-environmental protection and restoration, numerous studies have been carried
out in the HRB in recent years. These studies contain quantity and quality analysis on the surface
water and groundwater resources (Qin et al., 2011; Cao et al., 2012; Wu  et al., 2014), evaluation of
the human activity and climate change impacts on the eco-hydrological processes of the HRB (Wang
et al., 2005a,b; Zang et al., 2013; Qin et al., 2013), elucidation of effective water resources management
policies (Chen et al., 2005), integrated remote sensing for comprehensive watershed observations (Li
et al., 2013), development of hydrological models for understanding the water cycle and associated
ecological processes in the inland basin (Hu et al., 2007; Zhou et al., 2011; Guo et al., 2012; Yin et al.,
2012; Wei  et al., 2013; Zheng et al., 2013). Since 2010, a major research initiative has been launched
for an integrated ecological–hydrological–economic study of the HRB to provide a stronger scientiﬁc
underpinning for sustainable water management (Zheng et al., 2012; Yao et al., 2014).
Trend and abrupt change detection of the hydrologic time series can help us understand the causes
of historic changes (Rougé et al., 2012) and offer more insights to water resource management and
ecological conservation. Many studies have discussed the streamﬂow changes in the HRB over the
last half century (Li et al., 2012; Zou and Zhang, 2012). However, there are some deﬁciencies for
the existing studies: (1) most of the previous researches focused only on the streamﬂow changes
at two gaging stations (Yingluoxia and Zhengyixia; see Fig. 1) on the main stream of Heihe River
with few, if any, detailed analysis on the streamﬂow variations at other stations or along tributaries;
(2) streamﬂow series data have not been updated such that streamﬂow changes before and after
the Ecological Water Diversion Project could not be analyzed; and (3) driving factors and ecological
inﬂuences of the streamﬂow variations were not fully explored.
Thus, the primary aim of this study is (1) to analyze temporal variations of the streamﬂow over
the HRB, detect abrupt changes and trends if present; (2) to discern the main driving factors for
the observed streamﬂow changes; and (3) to elucidate the ecological and environmental problems
caused by over exploitation of water resources in the past. The paper is structured as follows. After
this introduction, Section 2 describes the study site and datasets available for this study. Section 3
discusses the methodology used in the analysis. Section 4 presents the results of streamﬂow analysis
in terms of trends and abrupt changes. Section 5 provides a discussion of the results in the context of
climate change and human activities. Finally, Section 6 concludes with a summary of the main ﬁndings
and insights from this study.
2. Study area and datasets
2.1. Study area
The Heihe River Basin (HRB) is located in the northwest of China with a minor portion in Mongolia
(Fig. 1). The core drainage area is approximately 130,000 km2 with a mainstream length of 821 km.
Its geographical range extends from 37◦41′ to 42◦42′ N and 96◦42′ to 102◦00′ E. The HRB includes
three sections from south to north: upstream from the Qilian Mountains to the Yingluoxia Canyon
(outlets of the mountains), midstream running from the Yingluoxia Canyon to Zhengyixia Canyon,
and downstream terminating in the Juyan Lakes (east and west branches, respectively). This region is
characterized by a continental climate. Depending on the location, the average annual air temperature
is 2–3 ◦C in the upper HRB, 6–8 ◦C in the middle HRB, and 8–10 ◦C in the lower HRB. The average annual
precipitation is 200–500 mm,  120–200 mm and less than 50 mm in the upstream, midstream and most
downstream regions, respectively (Qi and Luo, 2005). From southern mountain region to the northern
Gobi desert, potential evapotranspiration ranges from 500–4000 mm per year.
The HRB has a distinct landscape, ecological and climate gradient from the upstream to down-
stream. The upstream is characterized by the mountainous terrains from Qilian Mountains to
Yingluoxia Canyon. Most of the streamﬂow in the Heihe River and its tributaries are generated from
rainfall and ice-snow melting in the upstream mountainous area (Wang et al., 2010). The midstream,
from Yingluoxia Canyon to Zhengyixia Canyon, is characterized by oases with irrigated agriculture. It
is the major zone of water consumption by human and agriculture. The downstream is characterized
by a vast Gobi desert where the runoff is greatly reduced or disappears through evapotranspiration
and river leakage.
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Table 1
Information of the hydrological stations.
Station River Lon. (E◦) Lat. (N◦) Areaa (km2) Runoff (108 m3) Data period
Qilian (QL) Heihe River 100.23 38.20 2452 4.57 1968–2010
Zhamashenke (ZM) Heihe River 99.98 38.23 4986 7.16 1957–2010
Yingluoxia (YL) Heihe River 100.18 38.82 10,009 15.84 1945–2012
Gaoai (GA) Heihe River 100.40 39.13 20,299 10.34 1977–2010
Zhengyixia (ZY) Heihe River 99.42 39.79 35,634 10.17 1957–2012
Lijiaqiao (LJ) Xida River 101.13 38.52 1143 0.66 1956–2009
Shuangshusi (SS) Hongshui River 100.83 38.32 578 1.42 1956–2007
Wafangcheng (WF) Dazhuma River 100.48 38.43 229 0.89 1956–2009
Sunan (SN) Liyuan River 99.63 38.84 1080 1.76 1962–2010
Liyuan (LY) Liyuan River 100.00 38.97 2240 2.43 1956–2009
Hongsha (HS) Hongsha River 99.20 39.18 619 1.11 1956–2009
Xindi  (XD) Hongshui River 98.42 39.57 1581 2.71 1956–2009
Yuanyangchi (YY) Taolai River 98.84 39.91 12,439 3.18 1978–2009
Shaomaying (SM) Heihe River 99.96 40.75 – – 2000–2012
Langxinshan (LX) Heihe River 100.36 41.08 – – 2000–2012
Juyan  lake (JY) Heihe River 101.11 42.21 – – 2003–2012
a Catchment area upstream of the hydrological station.
Over the past half century, with the rapid population growth, socioeconomic development and
climate change, ecological and environment problems associated with unimpeded water resource
exploitation have continued to worsen from year to year. In the upstream, the quality of grassland
resources has declined sharply due to over-grazing; the glaciers and snowpack have been shrinking
because of climate warming. Pushed by the traditional economic planting structure and development
model that emphasizes GDP growth over eco-environmental quality, the water demand and consump-
tion in the midstream areas have steadily increased, leaving less and less water for the downstream.
Consequently, in the lower HRB, due to water shortage, the extent of oasis has shrunk and health of
the groundwater dependent ecosystem has deteriorated. The terminal lakes were dried up until 2002,
two years after the EWDP was implemented by the government. It is clear that a sound policy for
allocation of precious water resources based on hydrological, ecological, socioeconomic, and sociopo-
litical realities are urgently needed for the HRB. This study will support effective policy formulation
by shielding lights on the trends and abrupt changes in the historical streamﬂow data for the entire
HRB.
2.2. Data sets
Daily precipitation and mean temperature data from 17 National Meteorological Observatory sta-
tions (Fig. 1), with continuous data from 1960 to 2012 in or around the HRB were used for this study.
These stations, which possess high quality data, are maintained and released according to the stan-
dards set by the National Meteorological Administration of China (http://cdc.cma.gov.cn/home.do).
Monthly observed streamﬂow data of 16 hydrological stations (Table 1) were collected from Hydro-
logical Bureau of Gansu Province and the Inner Mongolia Autonomous Region, which are also of high
quality. Streamﬂow series of the upper and middle HRB (the ﬁrst 13 stations) are used to analyze
streamﬂow variations, and that of the last three stations are only used to detect the inﬂow changes
to the downstream for lacking of long term records. A few missing data were ﬁlled based on nearby
stations and a correlation analysis between individual stations.
3. Methodology
This study aims to detect the presence of trends and abrupt changes of the streamﬂow time series
over the HRB. To analyze driving factors of the streamﬂow change, trends and abrupt changes in the
data of the meteorological series were also tested. Throughout this study, two  types of statistical
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analysis methodology were used: a trend test (Mann–Kendall test) and a change-point test (Pettitt
test).
3.1. Trend test
A trend test is performed on the hydrological and meteorological data to analyze gradual changes
or tendencies. The Mann–Kendall test (Mann, 1945; Kendall, 1975) is one of the most popular trend
detection method used in the world. It is a non-parametric test which can cope with missing values
and values below a detection limit. For an independently distributed time series X(n), null hypothesis
(H0) of the Mann–Kendall (MK) test is no trend.
In the MK  test, the sign (sgn) is used to count the difference between two values (xi and xj) from
X(n) which is deﬁned as:
sgn(xj − xi) =
⎧⎪⎨
⎪⎩
1 if xj > xi
0 if xj = xi
−1 if xj < xi
(1)
S which is deﬁned as total sgn of the whole time series is measured as:
S =
∑
1≤i<j≤n
sgn(xj − xi) (2)
For n ≥ 8, if H0 is valid, S is approximately normally distributed with the following mean and
variance:
E(S) = 0 (3)
V(S) = (n(n − 1)(2n + 5) −
∑
mtmm(m − 1)(2m + 5))
18
(4)
In Eq. (4), tm is the number of data in a tied group (there is a tie when xj = xi) and m is the number
of tied groups. The standardized test statistics Z follows a standard normal distribution:
Z =
⎧⎨
⎩
(S − 1)/
√
V(S) if S > 0
0 if S = 0
(S + 1)/
√
V(S) if S < 0
(5)
H0 will be rejected at the signiﬁcance level of  ˛ when the absolute value of Z is bigger than z(1−(˛/2)).
Serial correlations can affect the results of MK  test (Yue et al., 2002; Hamed, 2009), therefore cor-
relations of the series were computed ﬁrstly before a trend test. When only a lag-1 autocorrelation
was found to be signiﬁcant, the MK  test of Yue et al. (2002) was  used. For all the other signiﬁcant cor-
relations, the method proposed by Hamed and Rao (1998) was employed. In addition, the magnitude
of a trend was also estimated by the method of Hirsch et al. (1982) extended from Sen (1968).
3.2. Abrupt changes test
The Pettitt test (Pettitt, 1979) is also a non-parametric test. It arbitrarily splits a time series into
two sub-samples and implement a rank-based comparison between them. For a time series X(n), the
separated two sub-samples before and after the date , Pettitt statistics k() can be computed as
follows:
k() =
∑
i=1
n∑
j=+1
sgn(xj − xi) (6)
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Fig. 2. Results of the MK  test for annual streamﬂow (a = 0.05).
where sgn is deﬁned as in Eq. (1). The abrupt change most likely takes place at the date  where the
absolute value of k() reaches the maximum. Therefore, the ﬁnal Petitt statistics K and time of the
abrupt change T are introduced as follows:
T = arg max
1≤≤n
(|k()|) (7)
K = max
1≤≤n
(|k()|) (8)
The signiﬁcance probability associated with the rejection of the assumption that there is no change
is approximated by:
p ≈ 2 exp
(
−6k2
n3 − n2
)
(9)
Pettitt test reports the greatest likely change point in a time series. In this study the two-sample
t-test was also used to determine if the two sets, before and after the detected change point, are signif-
icantly different from each other. The hydrometeorological series is identiﬁed to exhibit a signiﬁcant
abrupt change only when the result of t-test is true.
4. Results
Trends of the seasonal and annual streamﬂow series from the gaging stations located in the upper
and middle HRB were tested using the MK  test. To discuss the streamﬂow response to the change in
climate factors, trends of the annual and seasonal precipitation and mean temperature series were also
analyzed by the MK  test. Signiﬁcance level of  ˛ = 0.05 and  ˛ = 0.01 were used in the MK  test. Abrupt
changes of the annual streamﬂow, precipitation and mean temperature series were detected based
on the Pettitt method with a signiﬁcance level of  ˛ = 0.05.
4.1. Trends of the streamﬂow series
4.1.1. Streamﬂow trends in the upper and middle HRB
Because the EWDP on the mainstream of Heihe River was initiated in 2000 which signiﬁcantly
altered the streamﬂow distribution in the middle and lower HRB, we  computed the trends of the
streamﬂow series both to 2000 and to the present. Figs. 2 and 3 depict the results of the MK  test of
annual streamﬂow data for the two series, one labeled “By 2000” and the other “Entire series”.
For the annual streamﬂow series up to 2000, a signiﬁcant trend was detected on only two stations
located on the mainstream. One is the Qilian station (QL) in the upper stream where a signiﬁcant
upward trend was found (marked as a larger upward triangle in red in Fig. 2) with a Z-value of 2.12
(see Fig. 3), the other is Zhengyixia station (ZY) where a signiﬁcant downward trend was  identiﬁed
(marked as a larger downward triangle in green in Fig. 2) with a Z-value of −2.87 (see Fig. 3). Trends of
annual streamﬂow for all the other stations are generally insigniﬁcant. However, there is an obvious
change in the characteristic of the streamﬂow data from different reaches: the trend is slightly upward
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Fig. 3. MK  test Z-values for annual streamﬂow.
for the gaging stations located upgradient to the irrigation area in the middle HRB. However, the trend
is slightly downward for the gaging stations down gradient to the irrigation area. This indicates ﬂowing
through the irrigation area caused the trend of streamﬂow to reverse.
Difference appeared in the MK  test results for the time series to the present. The signiﬁcant upward
trend was found in Qilian, Yingluoxia and Sunan stations with Z-values of 2.37, 2.87 and 2.78, respec-
tively. It is an indication that a rising trend of the streamﬂow in the upper HRB is becoming more
pronounced. On the contrary, the declining trend of the streamﬂow in Zhengyixia station is lessened
with a Z-value of −1.58. EWDP on the mainstream should be the reason induced decreasing trend
of the streamﬂow in Zhengyixia station slow down. In the eastern tributaries, declining trend of the
streamﬂow for Lijiaqiao station becomes more signiﬁcant. For other stations, the trend of streamﬂow
data does not change much.
Results of the MK  test for seasonal streamﬂow data are shown in Fig. 4. Fig. 4(a) depicts the trends
for the data series up to 2000, while Fig. 4(b) depicts the trends up to the present. In both Fig. 4(a)
and (b), the four panels, from left to right, show the data for spring, summer, autumn, and winter
streamﬂow, respectively.
For the time series up to 2000, the general pattern of streamﬂow changes remains fairly consistent
from season to season. That is, most of the upper stream stations show an upward trend; while most of
the middle stream stations show a downward trend (see Fig. 4(a)). However, it appears that the more
signiﬁcant increase, in terms of both the number of stations and the magnitude of increase, occurred
in the summer and winter.
For the time series up to the present, the overall upward and downward trends from season to
season are similar to those shown by the time series up to 2000. One obvious difference is more
signiﬁcant upward trend for upstream stations (Fig. 4(b)). This may  be an indication of more ﬂow
generation in the upper stream due to more glacier thawing and snowmelt as a result of climate
warming.
4.1.2. Inﬂow to the downstream of HRB
Only a linear trend was used to test changes of the streamﬂow released to the lower HRB (as mea-
sured at the Zhengyixia gaging station). Generally speaking, from 2000 to 2012, streamﬂow released to
the downstream has been increasing (see Fig. 5), and annual streamﬂows of Zhengyixia (ZY), Shaomay-
ing (SM), and Langxinshan (LX) stations have the same pattern of variation. In the process of increasing,
there is a low point in 2004 for the ZY, SM,  and LX stations because of the dry year. After 2005, the
water quantity released to the downstream has remained relatively stable. As a result of water use
in the Ejina Oasis and the EWDP project, streamﬂow of the Juyan Lake (JY) station, representative
of the surface water entering the East Juyan Lake, is changing in a different way  than other stations.
For example, in the wet year of 2008, only 0.11 × 108 m3 of water was  delivered to the East Juyan
Lake although the water ﬂow through the LX station was at a relatively high rate. The mean annual
streamﬂow of ZY, SM,  LX and JY stations, progressively further downstream, is 10.1 × 108, 6.5 × 108,
5.3 × 108 and 0.5 × 108 m3, respectively.
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Fig. 4. Results of the MK  test for seasonal streamﬂow (a = 0.05).
On a monthly scale, the streamﬂows at Zhengyixia, Shaomaying and Langxinshan stations also have
a similar temporal distribution (Fig. 6). Streamﬂow is concentrated during July to October, taking up
more than 50% of the annual total. Streamﬂow for May, June and November are very low. Almost only
from July to October, the ﬂow can reach the East Juyan Lake.
4.2. Abrupt change of the streamﬂow
A change point indicates the starting time of the abrupt change in streamﬂow. Those of the annual
streamﬂow series in the upper and middle HRB were ﬁrst detected based on the Pettitt method. Then
Fig. 5. Variations of the annual streamﬂow transported to the lower HRB.
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Fig. 6. Variations of the monthly streamﬂow for the downstream.
two-sample t-test was used to determine if the means of the two populations before and after the
change point are signiﬁcantly different.
Signiﬁcant streamﬂow abrupt changes were found for eight out of 13 stations in the upper and
middle HRB (Table 2). Signiﬁcant upward abrupt changes are found for ﬁve stations located in the
upper HRB. Of them, starting times of three are around the year 1980 and two  at the year of 2001.
Streamﬂow of three stations in the middle HRB shows downward abrupt changes: one is Zhengyixia
on the mainstream (1979), one is Xindi station on one of the western tributaries (1972), and the other
is Lijiaqiao station on one of the eastern tributaries (1990). The upper HRB is affected by relatively
few human activities, thus the upward abrupt changes of the streamﬂow are most likely to have been
caused by climate change. However, the downward abrupt changes in the middle HRB stations have
been caused by both climate change and human activities.
4.3. Streamﬂow difference between Yingluoxia and Zhengyixia stations
The Yingluoxia station sits at the junction between the upper and middle HRB, whose streamﬂow
represents nearly all the water resources of the entire HRB, since most of the ﬂow is generated in the
upper stream of the HRB from precipitation and snowmelt. Streamﬂow of the Zhengyixia station, which
is located at the transition point between the middle and lower HRB, represents the water resources
available for the lower HRB. The streamﬂow difference between Yingluoxia and Zhengyixia stations
is close to the total water consumption in the middle HRB. Analysis of water consumption intensity in
the middle HRB can yield a better understanding of decreasing streamﬂow at the Zhengyixia station.
The annual streamﬂow variation and difference of the two stations are shown in Figs. 7 and 8.
MK test results of the streamﬂow difference between Yingluoxia and Zhengyixia stations for the
time series up to 2000 and to the present are nearly the same, with the Z-value of 5.83 and 5.86,
respectively. A signiﬁcant upward abrupt change is found in 1982 for the streamﬂow difference series.
The average annual water consumptions before and after 1982 are 4.01 × 108 m3 and 7.32 × 108 m3,
Table 2
Abrupt change points of the streamﬂow.
Station Pettitt t-test Station Pettitt t-test
Change point p t Abrupt change Change point p t Abrupt change
QL 1982 0.02 −4.39 S WF  2001 0.30 −2.16 S
ZM  2001 0.31 −2.31 S SN 1980 0.09 −2.65 S
YL  1979 0.04 −2.65 S LY 1989 0.32 1.58 NS
GY  1990 0.40 1.94 NS HS 1972 0.24 1.74 NS
ZY  1984 0.08 2.81 S XD 1972 0.05 2.5 S
LJ  1990 0.00 3.77 S YY 1985 0.39 1.91 NS
SS  1990 0.99 0.67 NS
S: signiﬁcant abrupt change; NS: no signiﬁcant abrupt change.
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Fig. 7. Variations of annual streamﬂow for the Yingluoxia and Zhengyixia stations.
respectively. The results indicate that water consumption of the midstream region has been growing
signiﬁcantly, and the abrupt increase started in the early 1980s.
Streamﬂow difference between Yingluoxia and Zhengyixia stations is characterized by four dis-
tinct stages according to the variation of the ﬁve year moving average (see Fig. 8), namely, stage
1: steadily decreasing (1957–1974); stage 2: steadily increasing (1975–1999); stage 3: variably
decreasing (2000–2005); and stage 4: variably increasing (2006–2012). It is still difﬁcult to give a
clear explanation to the decreasing trend for stage 1, but it is possible that the dry period, coupled
with the absence of an effective water conservancy project, is the reason. The increasing trend for
water consumption in the middle HRB during stage 2 is obviously due to the socioeconomic develop-
ment. After the initiation of the EWDP on the main stream of Heihe River in 2000, water consumption
was controlled in stage 3.
During the third stage, to ensure water supply to the lower HRB in low-ﬂow years, less water is
used in the middle HRB such that a valley point can be seen in 2004. In stage 4, water consumption
has been rising again, although water use has been restricted due to the EWDP. The EWDP sets rules
for the minimal water release to the downstream through the Zhengyixia station but not the amount
of water available in the middle HRB. It causes more water to be used in the middle HRB during the
wet years, and explains the rising water consumption in stage 4. Drought and wetness is the dominant
factor of water consumption in the middle HRB after the implementation of EWDP. In contrast, water
released to the downstream through the Zhengyixia station is relatively stable.
4.4. Trends of precipitation and temperature series
The annual precipitation and temperature time series and their MK  test results in the upper, middle
and lower HRB for the last 53 years (1960–2012) are shown in Fig. 9. The graphs on the left in Fig. 9
are for precipitation data while those on the right are for temperature data.
Fig. 8. Variations of the streamﬂow difference between Yingluoxia and Zhengyixia stations.
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Fig. 9. Precipitation and temperature time series and their MK test statistics for the HRB from 1960 to 2012.
For precipitation, it can be seen that there has been a signiﬁcant increasing trend in the upstream
areas (with MK  test Z-value of 2.35), a less prominent increasing trend in the midstream areas (with
MK test Z-value of 1.63) and essentially no increasing trend in the downstream areas (with MK  test
Z-value of 0.69). Decadal variability of precipitation indicates that there is a most obvious wet  period
for the upstream areas during 2003–2012, but none for the midstream and downstream areas.
For temperature, the MK  test results show that the climate of the HRB has been getting warmer
during the last 53 years. There was an oscillation of the mean annual temperature before 1997, but
thereafter the annual temperature was always higher than the long-term mean temperature. The year
of 1968 was the coldest year for the last 53 years. The statistically signiﬁcant increasing trend was
found since 1993 in the upper HRB, since 1991 in the middle HRB, and since 1990 in the lower HRB
(a = 0.05 level). Over the whole period, the Z-value was 5.6, 5.5 and 5.3 in the upstream, midstream
and downstream areas, respectively. These large Z-values imply a high level of warming trend.
The MK  test results of seasonal precipitation and temperature variations in the upper, middle
and lower HRB from 1960 to 2012 are shown in Fig. 10. In the upstream areas, the MK  test analysis
shows signiﬁcant increasing in precipitation for the summer. Therefore, the increase of precipitation
in summer was the most important reason for annual precipitation rising in the upstream areas. In the
midstream and downstream areas precipitation in the winter shows the most obvious increasing trend
compared to other seasons. Temperature increased signiﬁcantly for all seasons at the  ˛ = 0.01 level.
The highest increasing trend in the upstream areas occurred in the autumn and winter with Z-value of
5.82, while in the downstream areas the highest increasing trend occurred in the summer with Z-value
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Fig. 10. MK  test Z-values of the seasonal precipitation and temperature.
of 6.53. However, in the midstream areas, the Z-values for all four seasons were approximately the
same, at 3.55, implying a constant increasing trend within the year.
Fig. 11(a) shows trends of the annual precipitation and mean temperature spatially. Among the 17
stations, precipitation for only three stations located in the upstream indicates a signiﬁcant upward
trend at the signiﬁcant level of a = 0.05. Trends of the precipitation are insigniﬁcant for the other
meteorological stations. Among them, four stations show a slight decreasing trend (one outside the
upstream and three in the downstream). For the annual mean temperature, all 17 stations show
statistically signiﬁcant increasing trends with Z-value changes ranging from 3.85 to 6.29.
The magnitude of precipitation and temperature changes is shown in Fig. 11(b). On average, the
precipitation has increased by about 6–9 mm/decade in the upper HRB, and 3–6 mm/decade in the
middle HRB. In the downstream region, the precipitation has decreased by −0.71 mm/decade in the
northwest. For temperature, the magnitude of the increasing tread ranges from 0.30 ◦C/decade in the
southwest to 0.51 ◦C/decade in the northwest.
4.5. Abrupt change of precipitation and temperature
Change points of the precipitation and temperature were also investigated in this study, and the
results are shown in Fig. 12. For precipitation, only three out of 17 stations have a step change point.
Two of them exhibited an upward abrupt change occurring in 1981 and 1986, respectively, while the
other one exhibited downward abrupt changes occurring in 1997. Unlike precipitation series, all of
the annual mean temperature series have an upward abrupt change. Of them, 13 occurred in 1986,
three occurred in 1992, and one occurred in 1996.
Fig. 11. MK  trend test and magnitude of the trend for annual precipitation and mean temperature.
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Fig. 12. Change point of the annual precipitation and mean temperature.
5. Discussion
5.1. Impact of climate change on streamﬂow
Climate change is the main cause to explain streamﬂow increasing in the upper HRB for less human
activities have occurred in the mountain regions so far. In general, streamﬂow is positively related
with precipitation but negatively correlated with temperature (Fu et al., 2007; Xu et al., 2010). Ice-
snow melt-water and precipitation in the high mountain regions are the main water resources of the
arid areas in northwest China. A signiﬁcant increasing trend of the precipitation in the upper HRB,
especially during the obvious wet period between 2003 and 2012, may  be only part of the reason for
headwater increase. Furthermore, increasing air temperature induced more glacier and snow melting
during the past decades which contributed signiﬁcantly to the streamﬂow increasing in the upper HRB.
In the upper HRB, many mountainous terrains are at an elevation of 4000 m or higher, and they are
covered in snow or glaciers throughout the year. Melting water of glaciers and snow replenish runoff
effectively (Qin et al., 2013). Numerous studies showed a declination of ice and snow cover areas in
the HRB during last several decades (Sakai et al., 2006; Wang et al., 2011a,b; Zhang et al., 2012a,b).
It resulted in the increase of streamﬂow in upstream mountainous areas of the HRB (Nakawo, 2009).
Related studies have also showed that snowmelt runoff increased obviously from 1970 to present
(Wang et al., 2010).
From monthly changes of average streamﬂow data, the impact of climate change can be seen
more clearly in the HRB. Taking the streamﬂow of the Yingluoxia (YL) station as an example (Fig. 13),
streamﬂow increased in the spring, leading to the ﬂood season in the summer. The spring, March to
May, is the snow melting season, and the rising streamﬂow can be attributed to higher temperature.
Increasing precipitation for the summer and autumn (see Fig. 10) can explain streamﬂow rising in the
ﬂood season.
There is hardly any runoff generated in the middle and lower HRB due to low precipitation and
high evapotranspiration, and the change in precipitation does not much affect streamﬂow. In addition,
precipitation increases by a very small amount in the middle and lower HRB, and thus the impact of the
precipitation change on the streamﬂow is negligible. Moreover, the relationships between streamﬂow
and air temperature are different in the middle and lower HRB. Higher air temperature leads to higher
actual evapotranspiration which resulted in the decrease of streamﬂow.
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Fig. 13. Monthly variation of streamﬂow at the Yingluoxia and Zhengyixia stations.
5.2. Inﬂuence of human activities on streamﬂow
Streamﬂow is the most important water resource that sustains oases and irrigated agriculture
in the HRB. During the last several decades, the hydrological regime of the Heihe River has been
strongly affected by extensive human activities. They impacted the streamﬂow by surface water and
groundwater exploitation, land reclamation, engineering project development, and new water-related
policy implementation.
5.2.1. Socioeconomic development and its impact on streamﬂow
The middle reach region of the HRB is the major water consumer, accounting for about 90% of the
total water use from the Heihe River. Zhangye City is the main urban center located in the middle
HRB on the banks of the main stream of Heihe River. It has 92% of the total population and produces
83% of the total GDP for the entire HRB. In addition, more than 80% of the irrigated oases and 95% of
the arable land in the HRB are located in Zhangye City and its vicinity. Economic growth and social
development of the city increased the amount of water use in the middle HRB.
Zhangye is an important commodity grains producing region based on irrigated farming, and agri-
culture is responsible for approximately 90% of the total water consumption in the Zhangye oasis.
Agricultural water use resulting from increased farmland areas in the midstream could be the most
important factor driving the streamﬂow decline in the downstream areas. According to the census,
the total population of Zhangye City was fewer than 0.6 million in 1950, and then steadily increased to
more than 1.3 million in 2010 (Fig. 14(a)). As a result of increasing population, the area of farmland has
increased signiﬁcantly to maintain food supply and economic growth. The irrigated area in Zhangye
was about 68,667 ha in the 1950s, and expanded to almost 266,000 ha by 2002, of which 212,000 ha
was farmland (Wang et al., 2009).
Fig. 14. (a) Population and GDP, (b) Grain output and industry gross output in the past decades in Zhangye city.
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Since irrigation sustains the agricultural production, a highly evolved system of irrigation canal
networks, pumping stations and hydraulic projects have been constructed in the HRB to expand the
irrigation capacity and support the artiﬁcial oasis. According to the water conservancy project survey
information collected by Ma  et al. (2009), there are 159 main canals, 782 branch canals, 5315 lateral
canals, 6228 pumping wells and 53 reservoirs in the Zhangye area alone. The grain output of Zhangye
(Fig. 14(b)) ﬂuctuant increased from 5.10 × 108 kg in 1950 to 109.23 × 108 kg in 2010. Agricultural
development in the Zhangye area signiﬁcantly reduced the runoff available for the lower HRB. The
total actual evapotranspiration of the farmland in the middle HRB was  11.13 × 108 m3, 13.16 × 108 m3,
and 14.91 × 108 m3 in 1967, 1986, and 2000, respectively (Cheng, 2007).
Annual changes in the streamﬂow for the downstream stations reﬂect the impact of irrigation more
clearly. Generally, yearly variation of streamﬂow at the upstream stations (e.g., the Yingluoxia station
(YL) in Fig. 13) is a unimodal distribution. Streamﬂow begins to rise in March after the low ﬂow periods
of January and February, reaches a maximum in July or August, and then decreases continuously until
December. If there are no human activities, yearly variation of streamﬂow for a downstream station
would have a similar pattern. However, for the lower reaches of the HRB (e.g., the Zhengyixia station,
ZY in Fig. 13), streamﬂow dries up from May  to July, reemerges during the ﬂood season (from July to
October), and then decreases in discharge or dries up again in November. Spring and summer are the
irrigation period for the middle reaches, the characteristics of streamﬂow changes are closely related
to those of agricultural irrigation. The increasing intensity of the irrigation water diversion can also
be seen from the dotted lines in Fig. 13. Water consumption increased more and more after 1980.
Increase in the water demand and consumption by the industrial and service sectors is another
reason for streamﬂow reduction in the Heihe River although they account for only around 10% of the
total water use. China’s national economic reform began in 1978, and new industrial sectors have
grown greatly since then, which drive up the GDP rapidly. The GDP of Zhangye (Fig. 14(a)) increased
notably after 1985, reached 21.2 billion Yuan in 2010 (about 600 folds of the 1950). The industry gross
output (Fig. 14(b)) also increased notably after 1985, reached 9.84 billion Yuan in 2010. According to
the government statistical information, the proportion of outputs from the agriculture, industry and
services, respectively, was 72%, 7%, and 21% in 1952, 47%, 30%, and 23% in 1980, and 28%, 36%, and 36%
in 2012. The rapid rise in industry and services sectors led to a tremendous increase in water demand
(Wang et al., 2009).
Water consumption in the middle HRB increased from 5.13 × 108 to 8.71 × 108 m3 per year from
1985 to 2001 (Qi and Luo, 2005). The rapid development of agriculture and growth of economy began
in the early 1980s. The downward abrupt change in the streamﬂow of the Zhengyixia station started
in 1979, and signiﬁcant upward abrupt change of the streamﬂow difference between Yingluoxia
and Zhengyixia started in 1982. The consistency in the timing conﬁrmed that the decrease in the
streamﬂow of the Heihe River were mainly due to local agricultural and economic development.
5.2.2. Water-related policy preferences
For the middle and lower HRB where streamﬂow was greatly affected by human activities, the
policy preference of the government was an important factor directly or indirectly contributing to
streamﬂow changes. In the 1980s, the government desired to make the “Hexi Corridor” an important
grain production base. The emphasis on grain production promoted the rapid advance of farming and
irrigation projects. Unconstrained development resulted in streamﬂow being dried up in the lower
HRB. The shortage of water for the lower HRB left people and the ecosystem in the downstream
Gobi desert region to compete for limited water resources for survival. As a consequence, the fragile
ecological system has been seriously damaged, and the conﬂict of water between the midstream and
downstream became rampant.
To restore the severely degraded ecosystem in the lower HRB, the government relied on water
transfer projects to cope with water shortage. The central government had invested 2.3 billion Yuan
to implement the EWDP in 2000. The increase in the streamﬂow to the downstream of HRB is a direct
outcome of the EWDP. From 2000 to 2005, there had been 16 times of intermittent watering to the
lower Heihe River with the total volume of 5.28 billion cubic meters (Guo et al., 2009).
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Table 3
Gray relational degrees between consumed water and impact factors.
Relational degree Impact factors
Grain output Gross industrial output value Population
Rural Urban
1957–2010 0.77 0.32 0.83 0.81
1957–1980 0.80 0.58 0.81 0.79
1981–2000 0.87 0.69 0.91 0.90
2001–2010 0.85 0.77 0.85 0.82
5.2.3. Relational analysis between streamﬂow change and human activities
In the previous two sections the relationship between the streamﬂow change and human activities
was evaluated qualitatively. In this section, a quantitative analysis was conducted to ascertain the
correlation between the streamﬂow change and human activities in the middle HRB.
Based on the data collected in this study, the correlation between the total water consumption
(i.e., the streamﬂow difference between Yingluoxia and Zhengyixia stations) and the factors of human
activities (i.e., grain output, gross industrial output value, rural and urban populations) is quantiﬁed
using a method referred to as “gray relational analysis”, which calculates the geometric proximity
between a reference sequence and comparative sequences within a system (Wong et al., 2006). The
gray relational degree value (GRDV) indicates the degree of the relation between different sequences:
the larger the gray relational degree value for a factor of human activities, the greater its effect on total
water consumption. Table 3 shows gray relational degree results of four periods of different length,
i.e., 1957–2010, 1957–1980, 1981–2000 and 2001–2010.
Overall, for the entire study period of 1957–2010, population is the most important impact factor
that reduced the streamﬂow released to the downstream. The GRDV for both rural and urban popu-
lations is larger than 0.8. The rural population, which is related to combined water consumption by
farming, forestry, animal husbandry and ﬁshery, shows the greatest impact on total water consump-
tion. The grain output, which represented the water consumption by crops, is the close second most
important impact factor on total water consumption with a GRDV of 0.77. The gross industrial out-
put value, which partially reﬂected industrial water use, has the smallest inﬂuence on total water
consumption with a GRDV of 0.32.
From the results of three different periods, 1957–1980, 1981–2000 and 2001–2010, it is noteworthy
that the impact of industrial water use on the total water consumption increased with more recent
periods. The impact of grain output and population on the total water consumption ﬁrst increased and
then decreased. This situation is related to the adjustment of industrial structure on one hand and the
EWDP on the other hand.
The impact of human activities on water consumption is further evaluated based on the multiple
linear regressive model (MLRM). The MLRM is ﬁrst constructed between the total water consumption
(Ywc) in the middle HRB and quantiﬁable human activities (i.e., X1: grain output, X2: gross industrial
output value, X3: rural population and X4: urban populations) during the period of 1957–2000, and
then used to forecast the water consumption for the period of 2001–2010. The equation for the MLRM
is Ywc = 3.641 + 0.065X1 − 0.004X2 + 0.124X3 − 0.028X4. And the results of the MLRM (see Fig. 15) show
that the actual and calculated water consumptions are in good agreement with the same changing
trend before 2000. However, it has a poor predictive capability for the water consumption during
2001–2010. This suggests that the impact factors that dominated water consumption in the middle
HRB prior to 2000 were not operating in the same manner, due to a different set of policy preferences
by the government, such as the implementation of the EWDP in 2000.
5.3. Eco-environmental consequences of streamﬂow changes
Human activities in the midstream of the HRB have decreased the streamﬂow annually and altered
its temporal and spatial distributions over the years. With the declination and temporal change in
the streamﬂow of the Heihe River, serious environmental deterioration and ecosystem degradation
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Fig. 15. The actual and calculated water consumptions in the middle HRB.
have occurred in the HRB in recent decades, especially in the lower reaches. The terminal lakes, West
Juyan Lake (with a largest water surface of 560 km2) and East Juyan Lake, were completely dried
up in 1961 and 1992, respectively. With desiccation of surface water, there was a decrease in the
natural recharge to the groundwater which lowered the regional water table by 1.2–2.5 m and led
to decline of groundwater-dependent vegetation and glowing desertiﬁcation (Feng et al., 2005). The
Ejina desert plain in the downstream was believed to be a source for the dust storms of North China
(Wang et al., 2005a,b). Herbaceous plants in the HRB decreased from 200 to 80 species and the forage
species decreased from 130 to 20 species from the 1950s to 1990s (Wang and Cheng, 2000). Populus
euphratica in the riparian zone has been facing the danger of degrading or even collapsing. Vegetation
degradation, in turn, has led to a decrease in wild animals. There used to be 26 species of rare wild
animals in the HRB, however, nine species have disappeared and more than 10 species have migrated
in the 1990s (Gong and Dong, 1998).
Implementation of the EWDP has improved the eco-environmental conditions in the lower HRB
to some extent since 2000. Due to the increase of streamﬂow, shallow groundwater levels have been
raised (Wang et al., 2011a,b), and vegetation of the oasis areas showed a recovery and expanding
trend in the Ejina basin (Guo et al., 2009; Zhang et al., 2011). In 2002, the ﬁrst water from the EDWP
reached East Juyan Lake and formed a maximum water surface of 35.7 km2 in 2005 (Guo et al., 2009),
which has improved the heath of the lake ecosystem. However, though the EWDP has achieved some
success, it is far from enough. Since 2000 although the water released to the downstream has increased
substantially, it has concentrated during July to October (Fig. 5). The plant growth is not only closely
related to the water volume but also the duration of watering. Rational allocation and sustainable
utilization of water resources remains a major challenge for the HRB.
6. Conclusions
Over the last several decades, although the streamﬂow coming from the upper reaches of the HRB
has risen signiﬁcantly, those ﬂowing to the lower reaches have declined signiﬁcantly. The direct cause
is the increase of water consumption in the middle reaches arising from rapid population and economic
growth. Since 2000, after the implementation of the Ecological Water Diversion Project (EWDP), the
rising trend for the streamﬂow in the upper reaches has become more apparent while the declining
trend for those in the lower reaches has weakened. This reﬂects the fact that the climate warming
in the upstream headwater region has intensiﬁed, while the EWDP has allowed more ﬂow in the
midstream to be released to the downstream.
Climate changes have been shown to be partly responsible for the trends of streamﬂow variations
detected in 13 gaging stations over the HRB. There are statistically signiﬁcant increasing trends for
the mean annual temperature and smaller increasing trends for the precipitation in the HRB. Rising
precipitation and temperature in the upper HRB are the main reason for increased streamﬂow from
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the upstream headwater region to the midstream oases. In the middle and lower HRB, higher air
temperature may  be attributed to streamﬂow decreases.
However, assessment of agricultural and socioeconomic development, based on both qualitative
and quantitative evaluations, revealed that the human activity is the dominant driver for the decline of
streamﬂow in the main stream of the HRB during the past several decades. The implementation of the
EWDP is a determining factor that altered the hydrological regime of the downstream areas. Rational
allocation and sustainable utilization of water resources for the HRB requires careful and systematic
consideration of all relevant physical and socioeconomic conditions, which will be further explored
and discussed in a future study.
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